The initial response of many cells to 'Ca2+-mobilizing' agonists is phospholipase C-mediated hydrolysis of phosphatidylinositol bisphosphate to inositol trisphosphate (1P3) and diacylglycerol. It has been suggested, by analogy with receptor regulation of adenylate cyclase, that 'Ca2+-mobilizing' receptors may interact with a guanine nucleotide-binding protein (G protein) to regulate phospholipase C activity. Here we report increased accumulation of IP3 in response to caerulein or carbachol in electrically permeabilized rat pancreatic acinar cells. The stable analogues of GTP (guanosine 5'-[y-thio]trisphosphate and guanosine 5'-[f8,y-imido]triphosphate) stimulate IP3 accumulation and potentiate the effects of caerulein and carbachol.
INTRODUCTION
Phospholipase C-mediated hydrolysis of PIP2 to 1P3 and diacylglycerol is the initial response of many cells to 'Ca2+-mobilizing' agonists. (1, 4, 5) 1P3 enters the cytosol and, in many cell types, including exocrine pancreas , it has been shown to mobilize Ca2+ from intracellular pools (Berridge & -Irvine, 1984) .
Diacylglycerol remains in the plasma membrane, and activates protein kinase C (Nishizuka, 1984) . In many tissues, activation of both branches of this signalling pathway (an increase in cytosolic Ca2+ concentration and activation of protein kinase C) synergistically stimulates a cellular response (Nishizuka, 1984; Berridge, 1984) , for example enzyme secretion from exocrine pancreas (Merritt & Rubin, 1985) . These signals provide links between PIP2 hydrolysis at the plasma membrane and intracellular responses. However, the mechanisms whereby receptor occupation leads to activation of phospholipase C are not established. By analogy with receptor regulation of adenylate cyclase (Codina et al., 1984; Smigel et al., 1984) , it has been suggested that 'Ca2+-mobilizing' receptors may interact with a guanine nucleotide-binding protein to regulate phospholipase C activity (Haslam & Davidson, 1984; Cockcroft & Gomperts, 1985; Litosch et al., 1985) .
Here, we report increased accumulation of IP3 in response to caerulein (acting at the cholecystokinin receptor) or carbachol (acting at the muscarinic cholinergic receptor) in electrically permeabilized rat pancreatic acinar cells. We provide evidence that a G protein couples these receptors to phospholipase C activation, and that this activation is unaffected by pretreatment of the cells with cholera or pertussis toxins. We therefore propose that this G protein is probably distinct from those involved in receptor regulation of adenylate cyclase. EXPERIMENTAL Materials Collagenase (Clostridium histolyticum) and guanine nucleotides were obtained from Boehringer Mannheim. ATP (from horse muscle), phosphocreatine and creatine kinase, from Sigma, were used without further purification. Peninsula Laboratories (Belmont, CA, U.S.A.) supplied the caerulein. [3H]Inositol (10-30 Ci/mmol) was from American Radiolabeled Chemicals (St. Louis, MO, U.S.A.). Purified pertussis toxin was supplied by List Biological Laboratories (Campbell, CA, U.S.A.) and cholera toxin was from Calbiochem. [a-32P]NAD+ was obtained from ICN Radiochemicals. All other reagents were from Sigma.
Preparation of pancreatic acinar cells
The basic medium was Krebs-Henseleit (1932) saline (pH 7.4; gassed with 02/C02, 19: 1), supplemented with essential amino acids, glucose (11.5 mM) and soya-bean trypsin inhibitor (0.1 mg/ml). Acinar cells were prepared from pancreases of male Sprague-Dawley rats (150-200 g) by modifications of methods previously described Merritt & Rubin, 1985) . Minced tissue was incubated with collagenase (0.05 unit/ml) for 10 min at 37°C in the above medium
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Abbreviations used: BSA, bovine serum albumin; G protein, GTP-binding protein; GI, G., inhibitory and stimulatory GTP-binding proteins of the adenylate cyclase system; ai, a., and fly, subunits of Gi and G.; GDP with BSA (0.25%) and lower Ca2+ (0.1 mM) and Mg2+ (0.1 mM). This was followed by two incubations, each of 5 min, in medium containing BSA (0.25%), EDTA (2 mM) and no Ca2+ or Mg2+. The tissue was washed and then incubated for a further 10 min in the collagenasecontaining medium. Cells were dispersed by vigorous shaking, filtered through gauze, and centrifuged through medium containing 4%o BSA. At this and all subsequent stages, the Krebs-Henseleit medium contained Ca2+ (1.28 mM) and Mg2+ (1.18 mM). The cells were incubated for 10 min at 37°C in medium supplemented with 1% BSA and then resuspended in the same medium with 0.100 BSA for use in experiments. Cell viability, assessed by Trypan Blue exclusion, exceeded 98%.
Permeabilization of acinar cells
Cells were resuspended at a cell density of about 4 mg of cell protein/ml in a Ca2+-free medium whose composition otherwise resembled cytosol (Burgess et al., 1983) . This medium had the following composition: KCI, 100 mM; NaCl, 20 mM; NaHCO35 25 mM; MgSO4, 5 mM; NaH2PO4, 0.96 mM; EGTA, 1.0 mM; ATP, 1.5 mM; phosphocreatine, 5 mm; creatine kinase, 5 units/ml; BSA, 2o% ; soya-bean trypsin inhibitor, 0.010% ; pH 7.2 at 37°C; the gas phase was 02/C02 (19: 1). After exposure to an intense electric field (ten exposures to a field strength of 2 kV/cm; time constant 100 ,ts) (Knight & Baker, 1982; Knight & Koh, 1984) , more than 990 of cells were permeable to Trypan Blue and remained permeable throughout subsequent experiments. Exposure of cells to lower field strengths rendered them permeable to 86Rb+, but not to higher-M, substances (inositol phosphates or Trypan Blue). Immediately after permeabilization, dinitrophenol (0.5 mM), oligomycin (10 ,UM) and antimycin (1O ,M) were added, and the cells were incubated for 5 min before use in experiments.
Measurement of 13Hlinositol phosphates
Intact cells (50 mg of cell protein/ml) were incubated with [3H]inositol (100 1tCi/ml) for 4-5 h at 37 'C, washed by centrifugation, resuspended at 4 mg of cell protein/ml in the Ca2+-free cytosolic-type medium, and permeabilized. Incubations (in duplicate) were initiated by addition of 250,u1 samples of permeabilized cells to the test substances in 250 jIl of the cytosolic-type medium with the estimated final free [Ca2+] buffered at 140 nm (Burgess et al., 1983) , the cytosolic free [Ca2+] of unstimulated acinar cells (Merritt & Rubin, 1985) . Dinitrophenol (0.5 mM), oligomycin (10 ftM) and antimycin (10 /lM) were included in all incubations to inhibit mitochondrial metabolism; ATP was maintained by the regenerating system. Incubations (37°C) were terminated by addition of 1 ml of cold 4.50% (v/v) HC104, the pH of the supernatant was corrected to 8-9, and inositol phosphates were separated by anion exchange chromatography . In some experiments, these [3H]1P3 fractions were further separated into [3H](1,3,4)IP3 and [3H](1,4,5)lP3 by h.p.l.c. (Burgess et al., 1985) . For each experiment, total lipids were extracted (Weiss & Putney, 1981) and [3H]inositol phosphates were then expressed as a percentage of total [3H]inositol lipids. To measure [3H]PIP2, [3H]inositol lipids were separated by t.l.c. (Weiss .& Putney, 1981) , detected by fluorography, and -the spots corresponding to [3H]PIP2 were scraped and counted for radioactivity.
ADP-ribosylation of ai
The methods were modified from those of Hildebrandt et al. (1983) . Intact cells (5 mg of cell protein/ml) were incubated for 2 or 4 h with pertussis toxin (0.2-20 ,tg/ml), then washed, resuspended in the Ca2+-free cytosolic-type medium, and permeabilized. They were resuspended (1 mg of cell protein/ml) such that the final composition of the incubation medium was: thymidine, 15 mM; ATP, 1.5 mM; phosphocreatine, 5 mm; creatine kinase, 5 units/ml; GTP, 0.1 mM; EDTA, 1 mM; BSA, 0.030 %; oligomycin, 10 ,UM; antimycin, 10 #UM; Tris, 25 mM (pH 7.0 at 32°C). Pertussis toxin, freshly activated by treatment for 30 min at 37°C with dithiothreitol (25 mM), was included at a final concentration of 20 ,tg/ml; control incubations included dithiothreitol at the same concentration. Reactions (at 32°C) in a final volume of 45 #1 were initiated by addition of [a-32P]NAD+ (final concn. 10 /M and sp. radioactivity about 30 Ci/mmol) and terminated by addition of trichloroacetic acid. Proteins were separated by SDS/polyacrylamide-gel electrophoresis (8-12% gradient of acrylamide) (Laemmli, 1970) , and phosphoproteins detected by autoradiography. Protein bands were excised from the gel, dissolved in NaOH, and their 32p radioactivity was measured by liquid-scintillation counting.
RESULTS

Responses of permeabilized cells
In electrically permeabilized rat pancreatic acinar cells, caerulein ( Fig. 1) or carbachol stimulated formation of [3H]inositol phosphates. Permeabilized cells produced less [3H]'P3 than did intact cells, so it was important to establish that the responses were entirely those of permeabilized cels and not of residual intact cells. After rapid centrifugation of stimulated cells, 96+4% (n = 3) of [3H]IP3 was recovered in the supernatant from permeabilized cells and 90 + 2% (n = 3) in the pellet from intact cells. In the presence of mitochondrial inhibitors, permeabilized cells responded only when ATP and a regenerating system were provided; intact cells, dependent on endogenous ATP, never responded in the presence of mitochondrial inhibitors. Therefore, in all experiments with permeabilized cells, mitochondrial inhibitors were included to eliminate responses from residual intact cells. The decreased responsiveness of permeabilized cells was not due to loss of PIP2, since [3H]PIP2 concentrations were maintained for up to 3 h after permeabilization, and, at the time when most of our measures of IP3 were made,
[3H]PIP2 was 0.84 + 0.120% (n = 6) of total [3H]inositol lipids, compared with 0.71 + 0.080 (n = 7) in intact cells.
Accumulation of [3H]'P3 in response to caerulein (100 nM) was linear for at least 10 min in permeabilized cells (Fig. 1) , whereas the rate declined within 5 min in intact cells (Rubin, 1984) . LiCl (10 mM) potentiated caerulein-stimulated [3H]lP3 accumulation in intact cells (Rubin, 1984) , but had no effect in permeabilized cells (results not shown). We believe that these differences may result from diffusion of IP3 from permeabilized cells to the medium, where it is no longer readily accessible to Li+-sensitive degradative enzymes. Effects of guanine nucleotides All incubations in these and subsequent experiments were for 6 min, since [3H]1P3 accumulation was linear for at least 10 min (Fig. 1) . In permeabilized cells, responses to agonists were not dependent on exogenous GTP. This effect was apparently not due to its rapid hydrolysis (Cockcroft & Gomperts, 1985) , since, even at a concentration of 1 mm, aded GTP had no effect (see Fig.  5 ). This suggests that sufficient GTP, from cells and contamination of reagents (Glossmann et al., 1974) , may be present to support an agonist-induced response. To overcome possible variability in the extent of this contamination, unless otherwise stated GTP (10 /LM) was routinely included in all experiments with permeabilized cells. In permeabilized cells, the stable analogues of GTP, GTP[S] (10 /SM) and p[NH]ppG (10 /tM), markedly potentiated accumulation of [3H]IP3 in response to carbachol or caerulein (Fig. 2 ). Fig. 3 [3H]lP3 accumulation in intact cells, in the absence or presence of caerulein (1 nM), was unaffected by p[NH]ppG (10-300 sM), GTP[S] (10-300,M) or GTP (10-1000 /iM) (results not shown), indicating an intracellular site ofaction ofguanine nucleotides in permeabilized cells. These effects were specific for the stable analogues of GTP, since GDP, GDP[S] and GMP (each at 300 /tM) did not affect [3H]IP3 accumulation in permeabilized cells in the presence or absence of caerulein (100 nM) (results not shown). In the presence of atropine (1 mM), responses to guanine nucleotides were unaffected, but their synergistic interactions with carbachol were abolished (Fig. 4) ; responses to caerulein, however, were unimpaired. Some guanine nucleotides are supplied as Li+ salts, but Li+ itself had no effect in permeabilized cells (results not shown).
Although the responses of permeabilized cells were not dependent on added GTP, the effects of p[NH]ppG and GTP[S] were inhibited in a concentration-dependent manner by GTP (Fig. 5 ). These inhibitory effects of GTP are unlikely to be a consequence of its hydrolysis to GDP, since the synergistic interaction of GTP[S] with caerulein was more effectively inhibited by GTP (1 mM; 92% inhibition) than by GDP (1 mM; 68% inhibition). In the presence of ATP and a regenerating system, it is likely that GDP is rapidly phosphorylated to GTP; this may then explain the lesser inhibitory effect of added GDP. In support of this suggestion is the finding that GDP (300 /LM) did not affect the response to caerulein (100 nM) in the presence of only GTP (results not shown). These results suggest that sufficient contaminating GTP may be present to support an agonist-induced response, and that stable analogues of GTP, by virtue of their generally greater efficacy in activating G proteins (Codina et al., 1984; Smigel et al., 1984) , may displace this endogenous GTP and potentiate the response to agonists. Effects of pertussis and cholera toxins In permeabilized pancreatic acinar cells, activated pertussis toxin (20 ,ug/ml) stimulated [32P]ADP-ribosylation of a protein of molecular mass 41 kDa (Fig. 6 ). By analogy with many other tissues (Katada & Ui, 1982) , we believe this protein to be the ai subunit of the guanine nucleotide-binding protein, Gi. Preincubation of intact cells with pertussis toxin decreased [32P]ADP-ribosylation of ai when the cells were subsequently permeabilized and incubated with activated toxin (Fig. 6 ). With this protocol, we were able to demonstrate that treatment of intact cells with pertussis toxin (20 ,ug/ml) for 4 h caused ADP-ribosylation of 63+ 6O% (n = 3) of a.,. More extensive ADP-ribosylation of xi was impracticable, since the concentration of pertussis toxin used was maximal and more prolonged incubation impaired cell viability.
Intact cells, preincubated with pertussis toxin (20 ,ug/ml for 4 h), were permeabilized, and [3H]'P3 accumulation in response to GTP[S] with or without agonists was examined. These responses were unaffected by pretreatment with pertussis toxin (Table 2) . Similarly, pretreatment of intact acinar cells with cholera toxin (20 ,ug/ml for 4 h), a protocol that produces maximal effects on adenylate cyclase in pancreas (Gardner & Rottman, 1979) , did not affect responses of these cells, after permeabilization, to agonists or GTP[S] ( Table 2 ). 
DISCUSSION
The 'Ca2+-mobilizing' agonists, carbachol and caerulein, stimulate [3H]1P3 accumulation in electrically permeabilized rat pancreatic acinar cells. Other workers have reported that carbachol and cholecystokinin stimulate [3H]lP3 accumulation in pancreatic acinar cells permeabilized by washing in a nominally Ca2+-free medium, but in that study the responses were not convincingly shown to be entirely those of permeabilized cells (Streb et al., 1985) . We have established a protocol that allows the responses of electrically permeabilized cells to be examined free of any contribution from intact cells. With such a preparation, the intracellular environment can be manipulated and the effects of such changes on receptor-mediated events investigated.
With the free [Ca2+] buffered at the value found in unstimulated pancreatic acinar cells, agonists stimulate [3H]lP3 accumulation in permeabilized cells, indicating that the increase in cytosolic Ca2+ that normally accompanies receptor activation is not necessary for stimulation of IP3 formation. This result and similar observations by Streb et al. (1985) are entirely consistent with the proposal that IP3 formation is the cause, rather than the consequence, of the increase in cytosolic Ca2+ concentration; a proposal lent further support by studies of the effects of (1,4,5)IP3 on intracellular Ca2+ pools (Berridge & Irvine, 1984) , and from the kinetics of IP3 formation compared with Ca2+-mediated cellular responses . Accumulating evidence suggests considerable similarities between guanine nucleotide effects on receptor regulation of adenylate cyclase and phospholipase C. Intact cells were pretreated fi 0, 0.2,2 or 20 jug/ml. The cells incubated for 90 min with pertussis toxin at 0 ,ug/ml (were separated by SDS/polya and radiolabelled proteins N graphy. Preincubation of int decreased the amount of [3 incorporated into the 41 kE ovalbumin (45 kDa) and gly hydrogenase (36 kDa) are in Guanine nucleotides regula many'Ca2+-mobilizing' rec( (Evans et al., 1985) , a1-adi 1982) and chemotactic pepti More direct evidence for gua in phospholipase C regula studies of broken-cell prepa GTP activate phospholipase & Gomperts, 1985) and he 1985) plasma membranes, ai (Haslam & Davidson, 1984) a G protein has been propos C, but receptor regulation of established.
In permeabilized pancrea (Litosch et al., 1985) . These results rationc intofa41 kDa protein of from blowfly salivary gland and our results from exocrine pancreas provide direct evidence for an interaction between 'Ca2+-mobilizing' receptors, a G protein and or 4 h with pertussis toxin at phospholipase C. s were then permeabilized and In mast cells and neutrophils, the G protein appears to [la-32P]NAD+ and activated be Gi, since the effects of guanine nucleotides (Nakamura -) or 20 ,ug/ml (+) . Proteins & Ui, 1984) and chemotactic factors (Bradford & Rubin, icrylamide-gel electrophoresis 1985) are inhibited by pretreatment with pertussis toxin.
were detected by autoradio-By contrast, in astrocytoma and chick heart cells, tact cells with pertussis toxin activation of phospholipase C by muscarinic agonists is '2P]ADP-ribose subsequently insensitive to pertussis toxin (Masters et al., 1985) , and muscarnic agonists in astrocytoma cells are also insensitive to pertussis toxin (Evans et al., 1985) . In these latter cell types, available evidence implies that coupling between muscarinic receptors and cellular responses does tte the agonist affinities of not involve Gi, but no evidence directly implicating G eptors, including muscarinic proteins in coupling receptors to phospholipase C is renergic (Goodhardt et al., available. de (Snyderman et al., 1984) .
Pancreatic acinar cells contain both Gi and G. nine nucleotide involvement (Lambert et al., 1985) , but accumulation of [3H]IP3 in tion has been provided by response to agonists or guanine nucleotides is unaffected ,rations. Stable analogues of by pretreatment of the cells with pertussis or cholera C in neutrophil (Cockcroft toxins under conditions that produce substantial covalent .patocyte (Wallace & Fain, modification of both Gi and G, (Table 2 ). In these nd in permeabilized platelets experiments, where only 630% of ai was modified, it is From each of these studies, possible that the remaining unmodified Gi could still be ed to regulate phospholipase sufficient to allow coupling of receptors to phospholipase f that G protein has not been C. The failure of this regimen to inhibit agonist activation of IP3 production therefore does not unequivocally rule .tic acinar cells, GTP[S] and out a role for Gi in this pathway. However, when IP3 ce endogenous GTP from an production in permeabilized cells is activated by a submaximal or limiting concentration of guanine nucleotide, then the concentration of G-protein should also become limiting. Under these conditions, a 63% decrease in functional Gi should be reflected as a similarly substantial decrease in IP3 formation. Since pertussis toxin did not inhibit the response to a submaximal concentration of GTP[S] (Table 2) , it is unlikely that Gi is involved in coupling receptors to phospholipase C in exocrine pancreas. Other workers have adopted a different approach. Receptor-mediated inhibition of adenylate cyclase probably requires that fly subunits, formed by dissociation of az from Gi, associate with a., and thereby relieve its stimulation of adenylate cyclase (Smigel et al., 1984) .
Such a model predicts that, relative to as, large amounts of free fly subunits must become available to inhibit adenylate cyclase effectively. Thus inhibitory control of adenylate cyclase may be more susceptible to pertussis toxin, which prevents dissociation of ai from fly, than is any process controlled by direct interaction with ai. It has been suggested (Masters et al., 1985) that in chick heart Gi does not couple muscarinic receptors to phospholipase C, since, under conditions where pertussis toxin prevented coupling of these receptors to inhibition of adenylate cyclase, their coupling with phospholipase C was unaffected. However, it remains possible that, under these conditions, sufficient ai was modified to prevent receptor regulation of adenylate cyclase, but enough ai may remain unmodified to allow receptor regulation of phospholipase C. We believe that this potential problem may be overcome by using limiting concentrations of GTP[S] in permeabilized cells to assess more directly the amount of functional G protein that couples receptors to phospholipase C.
We have provided evidence suggesting that a G protein couples 'Ca2+-mobilizing' receptors to phospholipase C in exocrine pancreas, and that this G protein is probably neither Gi nor Gs. This presents a striking parallel with receptor regulation of adenylate cyclase, yet allows independent control of each of these signalling pathways.
